Abstract-Generic electrical simulation models of wind power generation have been developed as standards, such as the IEC 61400-27-1, to be used by wind industry, system operators, and academia for power system stability studies. In this paper, the IEC type 3 wind turbine model with wind turbine level voltage controller and with wind power plant level power factor controller is validated based on field measurements from a 52-MW wind power plant. In addition to the validation of the IEC type 3 wind turbine and wind power plant controller models, a comparison of the validation approaches, which are the full grid and play-back simulation, is provided together with a survey of the existing validation studies and recommendations for future modeling and validation tasks. The implemented IEC models are tuned to match the measurements accurately and the validated values for the control parameters of the reference wind power plant model are given.
I
NCREASING share of wind power has created the need for wind turbine (WT) and wind power plant (WPP) models to be used in power system stability analysis. Modeling studies conducted by wind industry, academia, and power system software vendors are usually based on manufacturer specific models in order to provide sufficient accuracy. But these models are complex with many details and generally confidential. Standardization of the wind power models that are both generally available and sufficiently accurate has been accomplished in order to provide generic wind power models, which can be used by system operators of countries, wind industry, academia, and power system software vendors [1] - [3] . In February 2015, IEC TC88 working group 27 has published the IEC 61400-27-1 WTs-electrical simulation models standard [1] , where the models are specified as modular structures with a wide range of parameters and the flexibility to cover a wide range of WT types and models, providing the opportunity to model manufacturer specific models in a generic and accurate way. The IEC standard [1] covers various types of WT models, and also WPP control models, which are developed as a frame of structures to be parametrized by the user (e.g., wind industry) of the model, such that the model can represent the real WT and WPP behavior in the most accurate way. In order to assure that the models can represent the behavior of the real wind generation units (WT and/or WPP) validation studies are needed, analyzing the accuracy of the models. The IEC standard [1] also introduces validation methodology for the wind generation models, based on measurements during voltage dips, reference point changes and grid protection (i.e., tripping of the WTs) cases. In the validation studies, the simulation of the model can be basically performed in two ways; namely as full grid simulation and playback approach [1] . In the full grid simulation approach the grid is also modelled in addition to the wind generation unit, while in the play-back approach the recorded grid voltage is supplied and simulated as it is at the wind generation unit terminals. In this paper the full grid simulation approach is chosen, which means that an equivalent grid is modelled as well. Moreover, the same case is also simulated using the play-back approach and the results with the two approaches are compared against the measurements. In this paper, the IEC type 3 (Doubly Fed Generator) WT model with the WPP controller are validated based on field measurements from a real 52 MW WPP, which is composed of 26 type 3 WTs of 2 MW each and their WPP controller. The WPP under test is modeled using the IEC models; a fieldrecorded case is simulated; and simulation results are compared against the field measurements to show the accuracy of the models to represent the real WPP behavior.
In the following section existing validation studies are surveyed together with the validation methodologies. In Section III, the IEC 61400-27-1 models are briefly introduced and the utilized control structure for the WT and WPP controller is shown. The WPP, grid modeling details and the validation results are given in Section IV; the discussion of the results and further considerations are provided in Section V. In Section VI concluding remarks are given. Parameters of the validated WT and WPP control models, based on the IEC 61400-27-1 standard, are provided in the appendix.
II. WIND POWER VALIDATION STUDIES STATE OF THE ART
There have been extensive efforts on modeling and validation of wind generation models in the recent years, which include either field measurements or factory tests from real wind generation hardware, i.e., WTs and WPPs. The validation is generally configured in one of the two main approaches. In the first approach, a staged test is conducted such that a setpoint is sent to the WT/WPP or a controlled disturbance (e.g., fault) is created while measuring the response. In the other approach, measurement units are installed at the WT/WPP grid connection point(s) for long-term monitoring, and naturally occurred events (e.g., setpoint change, disturbance, tripping) are utilized for validation.
Validation of the vendor specific and also generic models has drawn great attention in the literature. In [4] , a generic type 3 generator model has been proposed, which has been utilized by IEC [1] and Western Electricity Coordinating Council (WECC) [2] working groups, and validated against WT measurements during a voltage dip test. In [5] - [9] , detailed however not generic type 3 WT models have been developed and validated against numerous tests and measurements from real WTs on the field; whereas in [10] , the WECC type 3 model is validated against two vendors' WT measurement data. In [11] , validation results for the WECC [2] and vendor specific models are given based on field or factory test measurements both at WT and WPP level. Moreover in [11] , a WPP model validation is conducted based on staged tests of a 70 MW WPP with setpoint changes and disturbances, same as the cases in [12] and [13] . Similarly, a voltage control setpoint change and staged disturbances for WPPs are utilized to validate the manufacturer specific and power system software specific models in [14] and [15] . In [16] - [19] , long-term recordings at the WPP connection points are utilized to validate EMT models during faults experienced by the WPPs, whereas the same has been performed for a type 3 WT in [20] . While most of the staged field fault tests are performed for a single WT [4] - [10] , a fault ride-through test has been conducted for a large (150 MW) WPP in [21] , where a detailed WPP model is validated. The validation of IEC type 1 A WT model has been performed in [22] based on field test measurements during a fault. Model of a real WPP based on the IEC type 3 WT and WPP controller, is being validated first time in this paper.
An important aspect of the validation of the wind generation models is to show that the model provides sufficient accuracy compared to the real response of the WT and WPP controller, which also implies accurate configuration and tuning of the model parameters. The parameters of the model can be deduced from the physical parameters of the WT and the controllers [4] . But since generic models are based on simplifications, tuning parameters against available measurements [12] , [15] , [23] , e.g., by using optimization like the heuristic optimization algorithm in [4] , can provide improved accuracy. There are few methods and criteria that the accuracy of the model validation can be verified to comply with, such as [24] and [25] . In most of the validation studies, the model simulation results and the field measurements are observed to match the dynamic response in terms of rise time, settling time and oscillations, which play important role considering the impact on the power system [26] .
As will be explained in the following parts, the measurement data for the validation in this paper is obtained by long-term monitoring of the WPP, recording fluctuations and a power factor (PF) change event; and selected parameters of the WPP model is tuned to match the model to the measurements from the WPP.
III. IEC 61400-27-1 WIND GENERATION MODELS
The IEC 61400-27-1 models are targeted to be used in fundamental frequency electromechanical (RMS) stability studies with a bandwidth of 15 Hz, where the electromagnetic transient level dynamics are omitted in order to avoid modelling complexity and excess computation times especially for large scale power system analysis [1] . However, the models are still equipped with enough dynamics to be utilized for transient stability studies and especially with detailed control capabilities, e.g., fault ride-through. The focus of the modelling is to represent the dynamic grid response of the WT at the connection terminals, rather than the internal WT dynamics. The IEC models are specifically developed for short-term stability studies; hence the wind speed is assumed to be constant during the dynamic cases and not used as an input. Instead, active power of the WT is limited with a reference input, which is received from the WPP control level. Hence, there is the possibility to use the active power limitation setpoint to create active power fluctuations, as performed in this paper. For the sake of space and clarity, only a simplified representation of the WT and WPP active and reactive power control structures from the IEC standard is shown in Fig. 1 , with only emphasize to the loops operated by the WPP of this study; whereas the full models with details in [1] are implemented and simulated in this paper.
A. Type 3 WT Model
The IEC standard type 3 WT model [1] has five reactive power operating modes; namely voltage control, reactive power control, open loop reactive power control, PF control, and open loop PF control. In this study the type 3 WT under test is operated with the voltage control mode, as shown in Fig. 1 . The voltage reference is received from the WPP controller and the voltage feedback is measured at the WT terminals, filtered and regulated with a proportional-integral (PI) controller. Here it should be noted that the integral gains of the PI controllers in this paper might be set as zero, which implies pure proportional type control. The type 3 WT model has a specific active power control loop based on a look-up table (ω(p)) to create generator speed reference based on the active power level and an inner torque controller, which acts on the rotor speed error and generates torque reference, whereas the active power limitation setpoint for the WT is utilized as the maximum value within the torque controller, as seen in Fig. 1 .
B. WPP Control Model
The IEC standard WPP controller [1] has four reactive power operating modes; namely voltage control, reactive power control, static voltage control, and PF control. In this study the WPP under test is operated with the PF control mode, as shown in controller. The IEC standard WPP controller is specified to control a WPP model, which is represented as a single aggregated WT model, but also a WPP layout comprising several WTs, as performed in this paper. In this case the same reference values, V W Tref and P W Tref , are sent to all of the WTs in the WPP, in other words a special dispatching algorithm is not implemented. In the current edition of the IEC standard [1] and in this study no communication delay between the WPP controller and the WTs is considered. As seen in Fig. 1 , both the active power and voltage references in the WPP controller are shaped by lead-lag blocks, which serve to represent the dynamics within a WPP.
IV. VALIDATION OF THE WT AND WPP CONTROLLER MODELS
In this section the IEC type 3 wind generation model and the WPP level PF controller are validated against the field measurements from the WPP under test. The WPP will be introduced first with its electrical layout, and the validation details will be given afterwards. The validation will be performed first with the full grid simulation approach, and then the play-back approach.
A. WPP Layout and Grid Characteristics
The WPP under test is an onshore 52 MW WPP, with 26 type 3 WTs of 2 MW each, connected to the transmission network in France. As shown in Fig. 2 , a PMU is installed at the substation, where the WPP is connected. At the same substation a total of 20 MVAr reactor units are also connected. The PoC, where the WPP controller acts for PF control, is at the high voltage side of the WPP transformer.
For the full grid simulation approach a grid model is needed. In this study, the grid is represented with its Thevenin equivalent; the grid impedance is calculated from the available measurements as 0.024 per unit (p.u.) (at 100 MVA base), which implies a relatively strong grid, and the grid voltage is measured and set as 1.06 p.u., as confirmed by the system operator of the grid.
The WPP model in Fig. 2 is modeled in DIgSILENT PowerFactory as RMS simulation model. As mentioned in the introduction, the long-term monitoring approach is utilized and data is collected by the PMU. The most critical control parameters of the WPP simulation model are tuned to match the real WPP behavior utilizing the fluctuating active and reactive power measurement data. In this case, the PI gains of the WPP active and reactive power controllers (K PW Pp , K IW Pp , K PW Px , K IW Px ) are selected and manually tuned, which gave satisfactory accuracy between the simulated model and measured behavior, as will be seen in the following parts. However, it should be noted that utilizing the real settings, if available, from the WTs and WPP controller would be more effective for tuning, together with additional manual and/or automatic adjustments. Moreover, the tuned models would better be further validated against other type of event(s), as validation of the tuning, which would increase confidence of the model. In this study no parameter identification approach is utilized, whereas it could be inevitably necessary in case of a validation for a fault case, for instance in [4] . It is worth to mention that the recorded PMU data is checked to be consistent with the regional recordings at the grid operator's control center. All values for the active and reactive power control parameters of the models, which are used and validated for the WPP and the WT, are given in the appendix. It should be noted that the shown behavior of the WPP cannot be considered as grid connection compliance or performance evaluation of the WPP.
B. Comparison of Simulation Results and Field Measurements for WPP PF Change
In this section measured data during a PF change event is utilized for validation, whereas the long-term behavior before and after the transient event is shown and used for validation as well. In Figs. 3-6 , the long-term behavior (22.5 min before and 22.5 min after the PF change) is shown, whereas the detailed transient behavior during WPP's PF change is shown in Figs. 7-9.
As mentioned above, the IEC WPP control model has the input for the active power limitation; and in this paper the measured active power is supplied as active power limitation setpoint to the WPP controller, similar to the approach used in [4] and proposed in [12] . Thus the active power fluctuations during the whole period could be simulated (see Fig. 4 ), which also helps to verify the long-term PF control by the WPP controller (see 5 ). However, as explained in Section III, the IEC standard has been developed for short-term dynamic studies assuming constant wind speed, whereas the active power setpoint is used as a limitation reference. Hence the approach above is utilized only to stimulate the long-term active power fluctuations in an artificial way and do not specifically validate the active power control loop. As explained in Section II (see Fig. 1 ), the WPP generates an (internal) reactive power reference based on the active power level and the PF setpoint, and regulates the reactive power by modifying the voltage reference for the turbines.
In Fig. 3 , the reactive power measured by the PMU at the substation is shown, together with the corresponding simulation results, where the WPP PF change takes place at the instant the time equal to zero. The effect of the 20 MVAr reactors at the substation is seen as an offset of −20 MVAr in Fig. 3 , where the reactive power steps from −29 to −13 MVAr as the WPP changes its PF. As seen in Fig. 4 , at the instant of the WPP PF change, the active power measurement at the substation is around 24 MW, which is the power level of the WPP. First, the WPP operates with 0.94 leading (i.e., underexcited) PF, such that it absorbs around 9 MVAr at 24 MW power level just before the PF change (resulting in −29 MVAr in Fig. 3) ; and WPP's PF changes to 0.96 lagging (i.e., overexcited), such that it injects 7 MVAr just after the change (resulting in −13 MVAr in Fig. 3) .
In Fig. 5 , PQ behavior at the substation is drawn both for the measurements and simulations for the whole period of 45 min, including the periods before and after the WPP PF change event. As observed in Fig. 5 , the WPP's active power fluctuates between 11 and 25 MW during the period, and the reactive power steps from −29 to −13 MVAr at the substation, when the WPP's PF changes at a level of 24 MW. Since the full grid simulation approach is utilized in this section, it is possible to compare the resultant simulation voltage at the substation bus against the measured voltage, as given in Fig. 6 . Considering that the total absorbed reactive power from the grid decreases by 16 MVAr (0.16 p.u. at 100 MVA base) and the grid impedance is 0.024 p.u., the voltage step rise at the PF change instant is around 0.0038 p.u., as expected. The voltage deviation after the 15th minute is explained to be due to grid voltage fluctuations/sags occurring external to the WPP.
In Fig. 7 , the reactive power transient at the substation bus is shown in detail during the WPP PF change event, where a very small deviation is observed between the measured and the simulated response at 30 s before the transient event, which will be explained with voltage (see Fig. 9 ). As seen in Fig. 7 , at the first instant of the step change the simulation follows the measurement with a small delay and slightly steeper increase, which is considered to be eliminated if the real settings from the WTs and WPP controller were utilized while tuning the model. In Fig. 8 , measured and simulated active power are compared. Owing to the tuned bandwidth (including the ramp rate limiters on the reference path and low-pass filters on the feedback path) of the WPP active power controller, the higher frequency but low magnitude oscillations (approximately 10 Hz) at the measured response are not observed in the simulated response, which is acceptable for fundamental frequency power system stability studies. Nevertheless, it is always possible to tune the WPP controller for faster response, if required.
In Fig. 9 , the substation voltage transient during the WPP's PF change is shown. The simulated voltage response is able to match the steady state behavior and the step rise during the WPP's PF change; however the oscillations (approximately 0.3 Hz) in the voltage cannot be captured by the simulation model, since the grid is modeled by its Thevenin equivalent, without any power system control dynamics or conventional power plants or loads. The small deviation between the measured and simulated reactive power oscillations in Fig. 7 can be explained to be due to this mismatch between the measured and simulated voltages in Fig. 9 . In order to see the impact of the grid voltage oscillations on the reactive power response, mostly due to the reactors at the substation, the same transient case is simulated using the play-back approach in the next section.
C. Comparison of Play-Back and Full Grid Simulation Results With the Field Measurements
In this section the same PF change event is simulated using the play-back approach, such that the recorded voltage-time series at the substation bus is applied at the corresponding substation bus in the simulations, where the grid model is not utilized anymore. Similar to the case in the previous section, the measured active power is fed as the active power limitation reference for the WPP and the resultant reactive power response is compared against the measured, in Fig. 10 below. As can be seen especially in the zoomed period of Fig. 10 , the measured and simulated reactive power are matching, such that the oscillations in the reactive power due to the voltage oscillations (see Fig. 9 ) could be captured. In Fig. 11 , the reactive power of measurement, the full grid simulation, and the play-back simulation are compared for the period before the PF change event. As seen, the full grid simulation approach with the Thevenin equivalent grid is able to capture only the non-oscillatory behavior, while the play-back approach can capture the impact of the oscillatory grid voltage.
V. DISCUSSION OF RESULTS AND RECOMMENDATIONS
As seen in the previous section via the comparison between the field measurements of a real WPP and its simulation model with the IEC 61400-27-1 wind generation models, the validated model can adequately represent the WPP behavior during steady state (PF control against active power fluctuations) and a transient PF change event.
The only considerable discrepancy has been observed for the grid voltage oscillations, which is explained to be due to the simplified representation of the grid in the full-grid simulation approach. This can be improved via modeling the grid with more details, which can be obtained from the grid operator. The impact of these oscillations could also be analyzed via performing the same validation case with the play-back approach. Although the play-back approach is found to perform better to capture the real response of the WPP including the impact of the grid on the WPP, the full grid simulation approach always gives opportunity to see the impact of the WPP on the power system, which is essentially required for power system stability analysis, provided that the grid is modelled with enough details.
It is shown in this paper that the WPP active power fluctuations, which originate from wind speed fluctuations, can be incorporated into the IEC wind generation models via feeding the measured active power as the WPP active power limitation reference signal. However, it should be kept in mind that this approach might create a discrepancy between the measured and simulated internal WT dynamics, such as the pitch angle, which is not under concern in this study. Although the IEC models are aimed for short-term (10 to 30 s) of simulation, in this study the use of the IEC models is extended for long-term simulations, which gives the possibility to compare PF control response against fluctuating active power. In the validation case of this paper, a PF change event from 0.94 leading to 0.96 lagging is used while the WPP was producing 24 MW (46% of rated) active power. It should be noted that during higher power production levels such PF setpoints might exceed the reactive power capability limits of the type 3 WTs, which are typically designed for PF of +/−0.95 at rated power. Nevertheless, the IEC WT models incorporate voltage and active power dependent Q limitation lookup tables [1] , where the physical PQ diagram of WTs can be implemented in the simulations.
In this paper the field measurements are obtained by installing a PMU unit at the substation, where the WPP is connected together with the reactors at the same substation. The validation could be further detailed if the WPP measurements were available at the PoC; and improved via recording and utilizing the internal response within the WPP, such as the references from the WPP controller to each of the WTs. In case of a validation study that includes tripping of some of the WTs in the WPP (e.g., due to a frequency event), status data from the WPP and all the WTs could be valuable to perform a detailed and precise validation study, as mentioned in [16] . Additionally, recording behavior of other units (e.g., switched reactors, statcom) would provide increased accuracy for the modeling and validation. In the current edition of the IEC wind generation models [1] , no communication delay between the WPP controller and the WTs, and no measurement (power, voltage feedback) delay is taken into account. The impact of these delays could be significant in case a controlled test is performed, such as a fault ride-through of a WPP, which stands as a future work. It should be noted that the communication and measurement delays, as well as the auxiliary units (e.g., statcom) are being considered to be included in the future edition of the IEC 61400-27, where more detailed WPP control models are going to be described.
VI. CONCLUSION
In this paper a transmission level 52 MW WPP with 26 of type 3 WTs in voltage control mode with plant level PF controller is modelled using the IEC 61400-27-1 wind generation WT and WPP controller models. The model is simulated and validated against the field measurements from the grid connection point of this WPP, for steady state WPP level PF control against active power fluctuations and a transient PF change event. It is shown that the IEC models are able to reproduce the WPP behavior to be used in power system stability studies, especially in largearea analysis. The reactive power control capability of the WPP could be modeled and validated using the IEC models, which is important for short-term and long-term voltage stability studies. The two validation approaches, the full grid simulation and the play-back, are utilized and compared for the same event for the first time in this paper.
The IEC type 3 WT model in voltage control and WPP reactive power controller in PF control mode are validated first time at WPP level, and it is shown that an operating point change or response to a disturbance can be effectively used for validation studies at this level. WPP active and reactive power controller models of this paper are given based on the IEC standard [1] . However, it should be noted that, neither the control structures (see Fig. 1 ) in this paper nor the parameter values can be considered to reflect the physical control structure of the WPP under test, which might have a different control structure and tuning. For the sake of space, only the parameter names and their values are given in the tables below, whereas corresponding descriptions and base units can be found in [1] . In this validation study only the selected critical parameters related to the WPP PF control are tuned and validated against field measurements. Other parameters, such as gains related to fault ride-through, need to be identified and validated separately. Additionally, most of the hardware related parameters, such as the active and reactive power and current capability limits, are always better set by the WT manufacturer.
